Abstract Swine, unlike other artiodactyls, but similar to humans, utilize both lambda and kappa light chain isotypes almost equally in the generation of their antibody repertoire. The porcine antibody light chain loci have previously been characterized in a single Duroc sow in which was seen extensive allelic variation between light chain genes on homologous chromosomes. However, the extent of variation between individuals is completely unknown. Using deep sequencing of cDNA-derived amplicons from five pigs, we report the identification and characterization of an IGLV gene that is functional and highly expressed in some animals, yet completely absent in others. Our findings provide a possible rationale for the known individual-to-individual variation in antibody responses to vaccination, infectious challenge, and subsequent disease outcome.
during V(D)J rearrangement. It is reasonable to hypothesize, then, that extensive allelic variation would have evolved in order to maximize this diversity among populations. Indeed, extensive variation in the induction of effectively protective responses to natural infections and vaccinations is present within outbred populations of humans and animals, thus complicating disease control efforts. Knowledge of the allelic repertoire of the immune loci is therefore critical to understanding the response capacity of populations and to allow for better informed disease control efforts and animal breeding programs.
The current characterizations of the porcine immunoglobulin heavy (IGH) locus on chromosome 7 include 15 IGHV genes, 4 IGHD genes, 5 IGHJ genes, and the constant genes (Eguchi-Ogawa et al. 2012; Eguchi-Ogawa et al. 2010) . It is likely, however, that additional IGHV genes exist upstream from the 15 that are characterized based on complementary DNA (cDNA) evidence (Eguchi-Ogawa et al. 2010) . In addition, we previously characterized the genomic organization of the porcine kappa (IGK) and lambda (IGL) light chain loci in a single animal on chromosomes 3 and 14, respectively (Schwartz et al. 2012a; Schwartz et al. 2012b ). All of the identified IGK and IGL variable (V), joining (J), and constant (C) genes were entered in IMGT/GENE-DB (Giudicelli et al. 2005) . The IGK locus contains at least 14 IGKV genes, 5 IGKJ genes, and a single IGKC gene. However, it is plausible that the kappa locus is also incompletely characterized due to the lack of flanking gene information (Schwartz et al. 2012a ). The IGL locus contains 22 annotated IGLV genes, 3 IGLJ-IGLC cassettes, and a fourth IGLJ with no associated IGLC. In contrast to the IGH and IGK loci, the IGL locus is completely delimited in that flanking upstream genes, and 445 kb of contiguous upstream sequence have been analyzed (Schwartz et al. 2012b ). This greatly eases the ability to correctly associate lambda cDNA sequences with their respective genes. Thus, the lambda locus is the most amenable antibody locus in pigs for investigating antibody allelic variation using transcriptomic data.
Despite the apparent completeness of the porcine IGL locus, a recent report identified transcripts obtained from pigs of mixed breeds that was clearly IGLV3-like, yet distinct from other known IGLV3 subgroup members (Wertz et al. 2013) . The gene from which these transcripts may have arisen was putatively designated IGLV3-6. It was further observed that these IGLV3-6 transcripts accounted for approximately 20 % of all IGL transcripts (Wertz et al. 2013) . In the present report, we provide additional transcriptomic and genomic evidences for IGLV3-6, including its genomic context and its variability among commercial swine.
To assess light chain diversity, oligonucleotide primers were designed for the light chain leader and constant regions such that all known light chain variable region genes could be amplified from cDNA (e.g., for IGLV3 subgroup genes, IGLV3 forward, 5′-CTGGAYCCCTCTCCTGCTC; IGLC reverse, 5′-CCTTCCAGGTCACCGTCA). RNA was extracted from lymphoid tissues of five 8-to 10-week-old animals from a commercial source herd leveraged from a previous study (Klinge et al. 2009 ), reverse transcribed and PCR-amplified. The resulting amplicons were pooled in equimolar amounts from each animal and sequenced using Roche Titanium 454 pyrosequencing at the W. M. Keck Center for Functional Genomics at the University of Illinois at UrbanaChampagne. Molecular barcode tags of 10 bp were included on the 5′ end of each forward primer in order to differentiate between individual animals. A total of 372,140 full-length (>350 bp, mean of 510 bp), in-frame reads were obtained and were approximately evenly distributed between animals (17 to 24 % of all reads for each of five animals). These reads were compared to the annotated porcine IGLV genes using basic local alignment search tool (BLAST) (Altschul et al. 1990 ). Amino acid numbering and nomenclature is based on IMGT®, the international IMunoGeneTics information system® (IMGT), http://www.imgt.org (Lefranc 2007; Lefranc 2011a; Lefranc 2011b; Lefranc et al. 2003) .
Our analysis revealed a population of transcripts most similar to, albeit approximately 20 % different from IGLV3-4, that was present in four of the five animals (not shown). The existence of a large population of full-length productive transcripts suggested the existence of a functional allele of an uncharacterized IGLV3 subgroup member in at least four of the five pigs. Altogether, these transcripts accounted for approximately 13 % of all IGLV-containing reads. Comparison to transcripts described by Wertz et al. (2013) revealed that these transcripts are derived from the same putative IGLV3-6 gene. Further analysis revealed that three of the animals expressed full-length productive IGLV3-6 transcripts of similar identity, while transcripts from pig 2 were on average 10 % different, indicating the existence of a second productive allele (*02; Fig. 1, Table 1 ). Thus, these data and those of Wertz et al. (2013) indicate that IGLV3-6 is one of the most highly utilized light chain genes in swine.
To characterize the genomic context of IGLV3-6, the transcripts were compared to the annotated genome assembly. Positions differing from the *01 allele are underlined in the *02 and *03 alleles. Sequences for the *01 and *03 alleles are based on genomic sequence derived from CH242-524 K4 (CU467599) and CH242-141B5 (CU467669), respectively. Sequence for the *02 allele is based on the most abundant IGLV3-6 cDNA from pig 2 (286 out of 1,683 transcripts; 762 out of 1,683 excluding CDR3). Amino acid positions numbered according IMGT (Lefranc et al. 2003) This revealed a small, truncated pseudogene 182 bp downstream from the 3′ end of the recombination signal (RS) sequence of IGLV3-2 and 4.7 kb upstream from IGLV3-1 on the bacterial artificial chromosome (BAC) CH242-141B5 (GenBank: CU467669; Fig. 1a) . The 5′ end of this novel pseudogene is deleted such that it becomes recognizable starting at amino acid position 44 of framework region 2. A single nucleotide polymorphism within CDR3 distinguishes the intact portion of the truncated pseudogene (*03) from the full-length *01 allele.
The presence of the truncated IGLV3-6*03 allele on CH242-141B5 raised a question about the structure of IGLV3-6 on the other annotated BAC, CH242-524 K4 (GenBank: CU467599), since it was not detected when the IGL locus was characterized (Schwartz et al. 2012b ). Analysis of genomic contigs revealed a small 381-bp contig that contained the full-length functional IGLV3-6*01 allele. However, due to its small size and high similarity to IGLV3-4, the contig was erroneously assembled to the IGLV3-4 region (Schwartz et al. 2012b) . Although the intergenic and yields PCR products consistant with this. Conversely, CH242-524 K4 (c) contains a full-length copy of IGLV3-6, the PCR result for which is also consistant and is shown next to a replicate reaction 4 from pig 3. Faint reaction 2 products of the approximate expected size were visible on the gel for animals [2] [3] [4] [5] distance between the full-length IGLV3-6 and IGLV3-2 genes could not be precisely determined, comparison with sequence from CH242-524 K4 suggests that it is at least 2.6 kb downstream from IGLV3-2 (Fig. 2b) . Furthermore, similarity with intergenic sequence between IGLV3-4 and IGLV3-5 suggests that IGLV3-6 and IGLV3-2 could be separated by as much as 7.5 kb.
Based on the organization of IGLV3-6 on CH242-141B5 and CH242-524 K4, oligonucleotide primers were designed to further characterize IGLV3-6 in each of the five animals. Four separate PCR amplifications were performed using forward primers specific for either the CDR2 of IGLV3-2 or the conserved IGLV3 leader sequence and reverse primers specific for either the CDR2 of IGLV3-6, the leader region of IGLV3-1, or the intergenic region between IGLV3-1 and IGLV3-6 ( Table 2 ). The reactions targeting both IGLV3-6 and IGLV3-1 confirmed the genomic organization of both the full-length and truncated variants of IGLV3-6 (Fig. 2d) . The remaining reactions suggested the existence of both the truncated and full-length genes in pigs 2-5. Subsequent chaintermination Sanger sequencing identified both the truncated (180 bp) and full-length (296 bp) variants of IGLV3-6 in all four of these animals (Fig. 2) . A single Sanger read obtained from pig 3 (Fig. 2d, reaction 3) confirmed the genomic organization of the truncated pseudogene 182 bp downstream from the RS of IGLV3-2. Although one of the two products indicative of the functional gene was detected for pig 1 (Fig. 2d, reaction 4) , Sanger sequencing revealed this product to be non-specifically amplified IGLV3-4, whereas sequencing of the corresponding product from pigs 2-5 revealed the functional IGLV3-6 gene. No transcripts belonging to IGLV3-6 were produced by pig 1 (Fig. 1) , and as PCR and Sanger sequencing failed to identify the gene, it seems that IGLV3-6 is either missing entirely or is at least non-functional and structurally different in this animal (Fig. 2) .
As the exact location of the full-length gene remains undetermined and as evidence was observed for the coexistence of both the truncated and full-length IGLV3-6 genes in four of the five animals, it is plausible that the full-length and truncated forms of IGLV3-6 represent separate duplicated genes.
Indeed, bioinformatic mis-assembly of two very similar genes could result in one of them getting deleted from the final assembly (Salzberg and Yorke 2005) . To avoid the possibility of assembly error, individual Illumina reads from the two BACs were analyzed using BLAST for the presence or absence of reads specific to either the truncated or full-length forms of IGLV3-6. This analysis revealed that the full-length gene is missing from CH242-141B5, yet present on CH242-524 K4, while the truncated gene is present on CH242-141B5, yet absent from CH242-524 K4. It is therefore our interpretation that IGLV3-6 is most likely a single gene.
In conclusion, we have identified a lambda light chain gene in pigs that is highly expressed in some individuals but completely missing in others. Such variation in the antibody repertoire could potentially impact the porcine immune response and provide a rationale for observed variable immune responses to vaccination and disease challenge. Our findings will inform ongoing studies investigating the diversity of the porcine antibody repertoire and molecular mechanisms of disease resistance. 
